We obtain the electromagnetic form factors, the axial form factor, and the parton distribution functions of the proton from the eigenstates of a light-front effective Hamiltonian in the leading Fock representation suitable for low-momentum scale applications. The electromagnetic and the axial form factors are found to be in agreement with the available experimental data. The unpolarized, the helicity, and the transversity valence quark distributions, after QCD evolution, are consistent with the global QCD analyses. The tensor charge also agree the experimental data, while the axial charge is somewhat outside the experimental error bar.
INTRODUCTION
Electromagnetic form factors (FFs) and parton distribution functions (PDFs) have taught us a great deal about the internal structure of the proton. The Fourier transform of these FFs provides information about spatial distributions of the proton's constituents [1, 2] . Well-known examples include the charge and magnetization distributions. Another essential tool to investigate hadron structure is deep inelastic scattering (DIS), where individual quarks are resolved. One can extract the PDFs from DIS, which encode the distribution of longitudinal momentum and polarization carried by the constituents. With an effective Hamiltonian for constituent quarks, suitable for low-resolution probes, we solve for the proton's light-front wavefunctions (LFWFs) used to produce the FFs and the PDFs. We compare our FFs with experimental data. We apply QCD evolution to our initial PDFs in order to incorporate degrees of freedom relevant to higher-resolution probes which allows us to compare our QCD-evolved PDFs with global fits to experimental data.
The matrix element of the electromagnetic current for the nucleon requires two independent FFs: the Dirac and Pauli FFs. We refer to Refs [3] [4] [5] [6] [7] for reviews of the experimental results and models on this subject. The nucleon electromagnetic FFs have been theoretically investigated in Refs. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , while their flavor decomposition has been reported in Refs. [28] [29] [30] . Our work is motivated by the advent of high precision measurements of both proton and neutron FFs from ongoing and forthcoming experiments at Jefferson Lab [31] [32] [33] [34] [35] [36] [37] .
PDFs reveal the internal structure of the nucleon in terms of number densities of confined quarks and gluons. At first approximation ("leading twist"), the spin structure of the nucleon is described in terms of three independent PDFs: the unpolarized f 1 (x), the helicity g 1 (x), and the transversity h 1 (x), where x is the light-front longitudinal momentum fraction of the nucleon carried by quarks of flavor q. We provide these PDFs to assist in the analysis and interpretation of scattering experiments now and in the LHC era.
While the unpolarized and the helicity PDFs are fairly well determined , much less information is available on the transversity PDF. This distribution is important since it encodes the correlation between the transverse polarization of the constituents and the transverse polarization of the nucleon [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] . One of our aims is to predict the transversity PDF, compare with available data, and help motivate future challenging experiments.
Here, we adopt an effective light-front Hamiltonian between quarks and solve for its mass eigenstates at the scale suitable for low-resolution probes with the theoretical framework of basis light-front quantization (BLFQ) [81] [82] [83] [84] . Our Hamiltonian includes the holographic QCD confinement potential [22] supplemented by the longitudinal confinement [84, 85] along with the onegluon exchange (OGE) interaction [84] to account for the dynamical spin effects. By solving this Hamiltonian for the LFWFs in the constituent valence quark Fock space, and fitting the quark mass, confining strength, and coupling constants, we obtain good quality descriptions of its electromagnetic and axial FFs, radii, PDFs, axial and tensor charges.
PROTON WAVEFUNCTIONS FROM AN EFFECTIVE HAMILTONIAN
The structures of hadronic bound states are encoded in the LFWFs which are obtained as the eigenfunctions of the LF eigenvalue equation: H eff |Ψ = M 2 |Ψ , where H eff is the effective Hamiltonian of the system with the mass squared (M 2 ) eigenvalue. In general, |Ψ is the eigenvector in the Hilbert space spanned by all Fock sec-tors. At the initial scale where the proton is described by three active quarks, we adopt the LF effective Hamiltonian H eff defined by
where a x a = 1, and a p ⊥a = 0. m a/b is the mass of the quark, and κ is the strength of the confinement. x a represents the LF momentum fraction carried by quark a. Meanwhile, p ⊥ is the relative transverse momentum, while r ⊥ = r ⊥a − r ⊥b , related to the holographic variable [22] , is the transverse separation between two quarks. The last term in the effective Hamiltonian represents the OGE interaction where
2 is the average momentum transfer squared. C F = −2/3 is the color factor, g µν is the metric tensor and α s is the coupling constant. Here, u sa (k a ) is the solution of the Dirac equation, with the subscript s a representing spin and k a is the momentum of quark a.
Following BLFQ, we expand | Ψ in terms of the two dimensional harmonic oscillator ('2D-HO') basis in the transverse direction and the discretized plane-wave basis in the longitudinal direction [81, 82] . Each singlequark basis state is identified using four quantum numbers,ᾱ = {k, n, m, λ}. The longitudinal momentum of the particle is characterized by the quantum number k. The longitudinal coordinate x − is confined to a box of length 2L with anti-periodic boundary conditions for fermions. As a result, the longitudinal momentum p + = 2πk/L is discretized, where the dimensionless quantity k = 
, where the sum is over the quarks. We rescale
The quantum numbers, n and m, denote radial excitation and angular momentum projection, respectively, of the particle within the 2D-HO basis, φ nm ( p ⊥ ) [81, 82] . The 2D-HO basis should form an efficient basis for systems subject to QCD confinement. For the quark spin, λ is used to label the helicity. Our multi-body basis states have fixed values of the total angular momentum projec-
The valence wavefunction in momentum space is then expanded as:
where ψ({ᾱ i }) is the LFWF in the BLFQ basis obtained by diagnalizing Eq. (1) numerically. b = 0.6 GeV is the HO scale parameter and tan(θ) = p 2 /p 1 . Here L |m| n is the associated Laguerre function. We truncate the infinite basis by introducing limit K max such that,
In the transverse direction, we also truncate by limiting N α = i (2n i +|m i |+1) for multi-particle basis state to N α ≤ N max . The basis truncation corresponds to having a UV regulator Λ UV ∼ b √ N max . Since we are modeling the proton at a low-resolution scale, we select N max = 10 and K max = 16.5. To attempt to simulate the effect of higher Fock spaces and the other QCD interactions, we use a different quark mass in the kinetic energy, m q/KE and the OGE interaction, m q/OGE . We set our parameters {m q/KE , m q/OGE , κ, α s } = {0.3 GeV, 0.2 GeV, 0.34 GeV, 1.1} to fit the proton mass and the flavor Dirac FFs [28] [29] [30] . For numerical convenience, we use a small gluon mass regulator (µ g = 0.05 GeV) in the OGE interaction. We find that our results are insensitive to 0.08 > µ g > 0.01 GeV.
FORM FACTORS AND PDFS OF THE PROTON
In the LF formalism, the flavor Dirac F q 1 (Q 2 ) and Pauli F q 2 (Q 2 ) FFs in the proton can be expressed in terms of overlap integrals as [86] 
. We consider the frame where the momentum transfer q = (0, 0, q ⊥ ), thus
⊥ . Under charge and isospin symmetry, the proton FFs can be obtained from the flavor FFs [28] :
, where e u (e d ) = 
and the electromagnetic radii are defined by r
and r In Fig. 1 , we show the Q 2 dependence of the proton electric and the magnetic Sach's FFs. Overall, we obtain a reasonable agreement between theory and experiment for the proton electric FFs. At large Q 2 , the magnetic form factor is also in good agreement with the data. However, our magnetic form factor at low Q 2 exhibits a small deviation from the data. It should be noted that the neglected higher Fock components |can have a significant effect on the magnetic form factor [17] .
We present our computed radii in Table I and compare with measured data [94, 95] as well as with recent lattice QCD calculations [27] . Here again, we find reasonable agreement with experiment.
The axial form factor, which is identified with the matrix elements of axial-vector local operator, can also be expressed in terms of LFWFs
Here, Λ = 1(−1) depends on the struck quark helicity FFs is very limited. Until now, there are only two sets of experiments: (anti)neutrino scattering off protons or nuclei and charged pion electroproduction [100, 101] . Fig.  2 shows the results obtained for the axial form factor,
A as a function of Q 2 , where we compare our BLFQ results with the experimental data [101, 102] and with lattice results [103] . Considering the theoretical and experimental uncertainties, the agreement is good. At Q 2 = 0, the axial form factor is the axial charge, g A = G A (0). g A is quoted in Table I , where we see our value differs somewhat from extracted data [95] and lattice [97] . We also evaluate the axial radius from:
. As can be seen from the Table I, the BLFQ result is in good agreement with the extracted data from the analysis of neutrino-nucleon scattering experiment [96, 104] . The gray band is the BLFQ result. The extracted data are taken from the Refs. [101, 102] and the lattice data from [103] . The dashed line represents the dipole fit of the experimental data [101] .
With our LFWFs, the proton's valence quark PDFs at leading twist are given by
where the λ
At the model scale relevant to constituent quark masses which are several hundred MeV, the unpolarized PDFs for the valence quarks are normalized as
We also have the following momentum sum rule:
Next, to evolve our PDFs from our model scale, defined as µ 2 0 , to a higher scale µ 2 , we adopt the next-to-nextto-leading order (NNLO) Dokshitzer-Gribov-LipatovAltarelli-Parisi (DGLAP) equations [105] [106] [107] of QCD. This scale evolution allows quarks to emit and absorb gluons, with the emitted gluons capable of producing quark-antiquark pairs as well as additional gluons. In this picture, the sea quark and gluon components of the constituent quarks are revealed at the higher scale through QCD. While applying the DGLAP equations numerically [108] , we impose the condition that the running coupling α s (µ 2 ) saturates in the infrared at a cutoff value of max α s = 1 [109, 110] , consistent with our fit value discussed above. We determine µ by requiring the result after QCD evolution to produce the total first moments of the valence quark unpolarized PDFs from the global data fits with average values, x uv +dv = 0.37 ± 0.01 at µ 2 = 10 GeV 2 [111] . Fig. 3 shows our results for the valence quark unpolarized and spin dependent PDFs of the proton, where we compare the valence quark distribution after QCD evolution with the global fits by MMHT14 [39] , NNPDF3.0 [38] and CTEQ15 [40] Collaborations. The error bands in our evolved distributions are due to the spread in the initial scale µ 2 0 = 0.195 ± 0.020 GeV 2 and the uncertainties in the coupling constant, α s = 1.1±0.1. Our unpolarized valence PDFs for both up and down quarks are found to be in good agreement with the global fits. Meanwhile, we evolve the spin dependent PDFs from our model scale to the relevant experimental scale µ 2 = 3 GeV 2 and find that the down quark helicity PDF agrees well with measured data from COMPASS Collaboration [51] . However, for the up quark, our helicity PDF tends to overestimate the data below x ∼ 0.3.
The transversity distribution at µ 2 = 2.4 GeV 2 is also shown in Fig. 3 . We compare our prediction with the global analysis of pion-pair production in DIS and in proton-proton collisions with a transversely polarized proton by Radici et. al. [80] , the global analysis of the data on azimuthal asymmetries in SIDIS, from the HERMES and COMPASS Collaborations, and e + e data from the BELLE Collaboration by Anselmino et. al. [73, 112] . Our down quark transversity distribution is in accord with the fits. The up quark distribution in our approach deviates in the low x region, while it shows resonable agreement at large x with the global fits. Transversity has recently received increasing attention because of the importance of a precise determination of its integral, the so-called tensor charge g T . We compare our results at µ 2 = 2.4 GeV 2 with extracted data as well as with lattice data in Table I . Again we observe that BLFQ predicts the tensor charges quite well for down quark in comparison with the global QCD analysis [73] . However, for the up quark it deviates from the extracted data but our value is closer to recent lattice data [98] and our approach yields comparable agreement with results from phenomenological models as well as other lattice calculations [113] [114] [115] [116] . We also provide the first moments of transversity distribution, x u−d T in the Table I , which agree reasonably well with lattice data [99] .
CONCLUSIONS
We present a model for the proton that provides observables from the low resolution constituent quark scale to high resolution experiments. Specifically, we begin with an effective LF Hamiltonian incorporating confinement and one gluon exchange interaction for the valence quarks suitable for low-resolution properties. Using basis LF quantization, the LFWFs obtained as the eigenvectors of this Hamiltonian were then used to generate the proton electromagnetic and axial form factors and the initial PDFs for different quark polarizations. We have obtained reasonable agreement with the experimental data for the Sach's FFs, the axial form factor as well as the electromagnetic radii for the proton. The unpolarized, helicity and transversity PDFs at higher scale relevant to global QCD analyses have been computed based on the NNLO DGLAP equations. The initial lowresolution scale is the only adjustable parameter involved in QCD scale evolution and we obtain it by fitting the first moments of unpolarized PDFs from global QCD analyses. We then find the unpolarized, the helicity, and transversity PDFs agree with results from the corresponding global fits or experimental data in Refs. [38] [39] [40] , Ref. [51] , and Refs. [80, 112] , respectively. The axial charge and the tensor charge also show reasonable agreement with the extracted data or the lattice results. It should also be noted that basis truncation may play a role that should be examined in future research. The effective LFWFs can be used to study other parton distributions, such as the generalized parton distributions, the transverse momentum dependent parton distributions and the Wigner distributions. The presented results affirm the utility of our model and motivate application of analogous effective Hamiltonians to the other hadrons.
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